Diabetes and hypertension frequently coexist and constitute the most notorious combination for the pathogenesis of diabetic nephropathy and retinopathy. Large clinical trials have clearly demonstrated that tight control of glycemia and/or blood pressure significantly reduces the incidence and progression of diabetic retinopathy (DR) and nephropathy. However, the mechanism by which hypertension interacts with diabetes to induce and/or exacerbate nephropathy and retinopathy is very unclear. Substantial evidence implicates the involvement of chronic inflammation and oxidative stress in the pathogenesis of DR and nephropathy. In addition, hypertension causes oxidative stress and inflammation in the kidney and retina. In the present review, we summarized data obtained from our research along with those from other groups to better understand the role of hypertension in the pathogenesis of diabetic nephropathy and retinopathy. It is suggested that oxidative stress and inflammation may be common denominators of kidney and retinal damage in the concomitant presence of diabetes and hypertension.
INTRODUCTION
The incidence and prevalence of hypertension among diabetic patients have been documented in various populations; overall, hypertension occurs 1.5-2.0 times more often in diabetics than in non-diabetic people. 1 In the United States, the Third National Health and Nutrition Examination Survey (1988) (1989) (1990) (1991) (1992) (1993) (1994) found 71% of adults with diabetes to have elevated blood pressure (mean blood pressureX130/ 85 mm Hg or using antihypertensive medication). 2 In individuals with type 1 diabetes, blood pressure levels are usually normal at diagnosis, with the onset of hypertension closely correlated with the onset of diabetic renal disease. 3 In patients with type 2 diabetes, approximately one-third of the individuals have elevated blood pressure when diabetes is first diagnosed, 4 with the prevalence of hypertension increasing to close to 100% when renal disease is manifested. 5 The concomitant presence of hypertension and diabetes significantly magnifies the risk of diabetic microvascular complications, namely diabetic nephropathy and retinopathy. 6 In this setting, large clinical trials, such as the United Kingdom Prospective Diabetes Study and the action in diabetes and vascular disease: preterax and diamicron modified release controlled evaluation, have clearly demonstrated that intensive control of both blood pressure and glycemia is effective in reducing the incidence and progression of diabetic retinopathy (DR) and nephropathy. 7, 8 However, the mechanisms by which hypertension and diabetes interact to exacerbate diabetic nephropathy and retinopathy are poorly established. In this article, we explore the possibility that exaggerated oxidative stress and inflammation may underlie the mechanism of kidney and retinal diseases in diabetes and hypertension.
CLINICAL AND EPIDEMIOLOGICAL EVIDENCE OF THE DETRIMENTAL EFFECT OF HYPERTENSION ON DIABETIC NEPHROPATHY AND RETINOPATHY
In individuals with diabetes mellitus (DM), the relationship between hypertension and poor vascular outcomes, including diabetic renal and retinal diseases, is unequivocal and independent of other confounding factors. The impact of hypertension on outcomes is exponential rather than linear. 9 Even in normotensive diabetic patients, lowering blood pressure can be beneficial in controlling diabetic nephropathy and retinopathy. 10 In particular, in patients with type 2 DM, the risk of diabetic nephropathy and retinopathy was independently and additively attributable to hypertension and hyperglycemia. 6 Arterial hypertension is a main risk factor in the development and progression of diabetic nephropathy, 9 and a sustained reduction in blood pressure is probably the most effective single intervention to slow the progression of nephropathy in type 1 and type 2 DM. 7, [9] [10] [11] In the Wisconsin Epidemiology Study of DR, the presence of hypertension in type 1 diabetic patients was associated with a 73% increase in the risk of incident proliferative DR. 12 More recently, the Wisconsin Epidemiology Study of DR demonstrated that the 25-year incidence of visual impairment was related to poorer glycemia control and the presence of arterial hypertension. In these patients, the presence of arterial hypertension increases the risk of visual impairment by 72%. 13 In addition, a recent study has suggested that even in normotensive diabetic individuals, elevated blood pressure levels are associated with DR. It has been demonstrated that in type 1 diabetic subjects, each increment of 5 mm Hg in night-time systolic and diastolic blood pressure leads to an increase in about 40% in the risk of DR. 14 
EXPERIMENTAL EVIDENCE THAT HYPERTENSION AGGRAVATES DIABETIC NEPHROPATHY AND RETINOPATHY
Many studies have demonstrated that the presence of hypertension aggravates and can contribute to renal and retinal disease in experimental DM. To assess the contribution of hypertension to diabetic renal disease, studies were performed in different animal models, including diabetic hypertensive Dahl salt-sensitive rats, 15 Goldblatt hypertension, wherein one renal artery is constricted and the contralateral kidney is left intact with streptozotocin-induced diabetes, 16 and spontaneously hypertensive/National Institute of Health (NIH)-corpulent rats, which are a model of type 2 diabetic nephropathy. 17 However, most of these studies were performed in a genetic model of hypertension, namely a spontaneously hypertensive rat (SHR) that was rendered diabetic by injection of streptozotocin. In these rats, studies by Cooper et al. 18 were the first to demonstrate that when compared with the genetically diabetic normotensive rats, specifically Wistar Kyoto (WKY) rats, diabetic SHR showed features of accelerated nephropathy, as evidenced by a 10-fold increase in albuminuria and a more pronounced thickness of glomerular basement membrane. These investigators have concluded that pre-existing hypertension may have an important role in the progression of diabetic renal disease. 18 Similarly, it has been demonstrated that the combination of diabetes and hypertension (diabetic SHRs) lead to early and more severe markers of DR, both functional and morphological. Dosso et al. 19 have shown that basement membrane thickness and increased permeability to serum albumin were observed in normotensive diabetic rats (diabetic WKY); however, these abnormalities were significantly enhanced when diabetes was combined with hypertension (diabetic SHRs). In addition, Hammes et al. 20 have shown that the frequency of acellular capillaries, a morphological gold-standard marker of DR, was nearly twice as high in diabetic SHRs as in diabetic WKY. Furthermore, it has been shown that the presence of diabetes (diabetic WKY) increased retinal albumin clearance, a marker of retinal capillary permeability, by 40%, whereas an approximately 100% increase in retinal albumin clearance was noticed when diabetes was combined with hypertension (diabetic SHRs). 21 In these scenarios, the importance of hypertension in renal and retinal disease was further supported by the observation that control of blood pressure ameliorates nephropathy and retinopathy in diabetic SHR. 21 Collectively, the above-mentioned studies support the concept that elevated blood pressure contributes to diabetic nephropathy and retinopathy in SHR rats. However, they do not provide insights into the nature of the interaction of hypertension and diabetes in exacerbating diabetic nephropathy and retinopathy. To better understand this issue and separate the respective contributions of hypertension and diabetes to renal and retinal disease, it may be necessary to evaluate early renal and retinal changes relevant to the lesions of diabetic nephropathy and retinopathy. To this end, we have investigated whether the presence of a short period of mild genetic hypertension and diabetes would modify the amount of renal fibronectin, an extracellular matrix component that increases in the early phase of diabetic renal disease. We have shown that, in experimentalinduced diabetes, the presence of genetic hypertension promotes earlier accumulation of renal fibronectin, a matrix protein thought to be involved in the development of renal glomerulosclerosis. 22 Molecular abnormalities were also detected in the retinas of diabetic SHR following a short period of diabetes. It has been shown that a 15-day induction of diabetes in SHR leads to an increase in retinal expression of fibronectin, accompanied by an elevation in retinal capillary permeability, which has been shown to be associated with a higher expression of retinal vascular endothelial growth factor (VEGF). 23 It has been suggested that cell cycle regulators can be altered by the presence of diabetes and that such alterations contribute to the pathogenesis of diabetic nephropathy. 24 More specifically, it has been shown that diabetes leads to an increase in cyclin-dependent kinase inhibitors, such as p27 and p21, which prompt the renal cells to halt the cell cycle, signaling hypertrophy instead of replication. 24 It has been suggested that an increase in kidney cyclin-dependent kinase inhibitors contributes to glomerular hypertrophy observed in the early stages of diabetic nephropathy in a model of spontaneous developing diabetes, the db/db mouse. 25 The importance of the cyclin-dependent kinase inhibitor p27 in diabetic nephropathy is further demonstrated by the observation that knocking down p27 confers renal protection to diabetic mice. 26 In particular, it has been shown that induction of diabetes in SHR for only 10 days leads to kidney hypertrophy, accompanied by a decrease in renal cell replication secondary to an increase in the expression of cyclin-dependent kinase inhibitor p27. 27 These abnormalities were not present in diabetic WKY rats. It was suggested that this cellular abnormality observed in diabetic SHRs may be involved in the mechanism by which hypertension interacts with diabetes to promote renal lesion.
A decrease in retinal cell replication was also observed in estreptozotocin (STZ)-induced diabetic SHR. 23 The retinal cells that displayed a decrease in replication were identified as progenitor cells, and this abnormality was accompanied by an elevation in the expression of p27. 23 Whether and how these alterations in the cell cycle in the retina of diabetic SHR that were associated with classical features of DR contribute to diabetic retinal disease requires further studies.
IN VITRO STUDIES SEARCHING FOR THE MECHANISM OF THE INTERACTION OF HYPERTENSION AND DIABETES IN DIABETIC NEPHROPATHY AND RETINOPATHY
Clinical and experimental works suggest that systemic hypertension leading to increased intraglomerular pressure contributes to glomerular sclerosis in several renal diseases. Studies in experimental animals indicate that dilation of the afferent (precapillary) glomerular arteriole has an important role in increasing intraglomerular pressure and the glomerular filtration rate that may contribute to renal insult in diabetic nephropathy. 28 Dilation of the afferent glomerular arteriole will also facilitate the transmission of elevated systemic hypertension to the glomerulus. Hyperglycemia amplifies the deleterious effects of blood pressure within the glomerulus by impairing the autoregulation of glomerular microcirculation. 28 Intraglomerular hypertension, by expanding glomerular structures, induces mesangial cell stretch, leading to overproduction of the extracellular matrix and cytokines. 29 Loss of autoregulation in diabetes has also been discovered in human retinal vasculature. 30 This alteration would facilitate transmission of systemic hypertension to the retinal capillary bed, thus contributing to the mechanism of exacerbation of DR by hypertension. 30 Interestingly, there is a positive correlation between loss of autoregulation and levels of glucose in the human retinal vasculature. 30 Recently, molecular studies have identified several mechanisms that may be involved in the process of renal and retinal damage associated with hypertension and hyperglycemia. Most of these studies were based on an in vitro model of mechanical stimuli, such as stretch, mimicking the effect of increased pressure in glomerular and retinal cells in vivo.
The response of different markers relevant to the pathogenesis of DR has been investigated using retinal cells subjected to mechanical stretch. VEGF is thought to have a central role in increased vascular retinal permeability and in the development of intraocular neovascularization in DR. 31 The fact that retinal pigment epithelial cells respond to stretch by increasing the expression of VEGF was first demonstrated by Seko et al. 32 This finding was confirmed and extended by Suzuma et al., 33 who showed that bovine retinal endothelial and pericyte cells exposed to cyclic stretch increase the expression of VEGF and its receptor, both protein and mRNA. Later, it was suggested that stretch-induced retinal VEGF expression was mediated by phosphatidylinositol 3-kinase and protein kinase C. 34 Furthermore, it has been demonstrated that stretch induces apoptosis in porcine retinal pericytes that may be mediated by oxidative stress. 35 In addition, it has been shown that stretch induces a reduction in cell proliferation, increased apoptosis and profound morphological changes in the actin cytoskeleton assembly in bovine retinal pericytes. 36 These alterations induced by stretch were magnified when the pericytes were exposed to high levels of glucose. 36 Pericyte loss is a hallmark of DR and it can be secondary to pericyte apoptosis 37 or migration of these cells out of capillaries. 38 Numerous studies have investigated the effects of mechanical stretch in glomerular cells. It has been shown that mesangial cells exposed to continuous cycles of stretch/relaxation increase gene and/ or protein expression of extracellular matrix components, including fibronectin, collagen I, III and IV and laminin. 39 Furthermore, this accumulation of extracellular matrix, which occurs as a result of mechanical stretch, is markedly enhanced in a milieu of high glucose concentration. 40 Of interest here is that mechanical stretch may promote extracellular matrix accumulation in cultured mesangial cells, not only by increasing synthesis of extracellular matrix components, but also by decreasing the activity of degradative enzymes. 39 In addition, mechanical stretch induces both gene and protein expression of transforming growth factor (TGF)-b1, 39 ,41 a cytokine involved in the accumulation of extracellular matrix in diabetic nephropathy. 41 Mechanical stretch has also been shown to induce gene expression, but not protein secretion of connective growth factor, a downstream mediator of TGF-b1 signaling. 42 Mechanical stretch may also induce extracellular matrix production by interacting with inflammatory pathways. Indeed, human mesangial cells exposed to stretch showed enhanced monocyte chemoattractant protein-1 (MCP-1) and monocyte chemoattractant activity, and these results were accompanied by a reduction in both gene and protein expression of CC chemokine receptor 2, the cognate MCP-1 receptor. 43 These effects, which were further magnified by simultaneous exposure of mesangial cells to stretch and high glucose, were mediated by nuclear factor-kappa B (NF-kB). 44 Furthermore, both stretch and MCP-1 independently induce intercellular adhesion molecule-1 (ICAM-1) expression. 43 This would increase phagocytic leukocyte adhesion to mesangial cells 44 and amplify the inflammatory cascade 45 and may contribute to glomerular injury by inducing the release of cytotoxic reactive oxygen species. 46 Angiotensin II (Ang II), a powerful vasoconstrictor and trophic hormone, is central to renal damage in diabetes. In mesangial cells, it produces effects similar to those seen with mechanical stretch. Gruden et al. 47 have demonstrated that both Ang II and mechanical stretch can independently induce the production of VEGF. In addition, mechanical stretch upregulates the Ang II type-1 (AT1) receptor, enhancing the cellular response to Ang II. 47 It has been shown that, in mesangial cells, VEGF induces proliferation 48 and enhances collagen synthesis. 49 Mechanical stretch, when applied to human mesangial cells, upregulates protein expression of the facilitative glucose transporter-1, as well as basal glucose transport, through a protein kinase C-TGF-b1-dependent mechanism. 50 This, in turn, results in an excessive production of extracellular matrix. 50 In particular, overexpression of glucose transporter-1 in mesangial cells leads to increased extracellular matrix production even when the cells were grown in a normal glucose medium. 51 Therefore, mechanical stretch-induced glucose transporter-1 expression may represent a mechanism whereby mechanical forces interact with glucose-mediated pathways in the pathogenesis of glomerular injury. 50 Recently, several lines of evidence have suggested that podocytes, terminally differentiated epithelial glomerular cells, have a critical role in glomerular disease, including diabetic nephropathy. Podocytes are essential in maintaining the integrity of the glomerular capillary barrier by restricting the passage of macromolecules, such as albumin into the ultrafiltrate. 52 Podocytes are also involved in the synthesis of glomerular extracellular matrix proteins and in counteracting capillary wall distension. 52 In patients with DM, it has been demonstrated that a reduction in the number of podocytes is associated with proteinuria. 53 Podocyte loss in diabetes may be secondary to podocyte apoptosis, necrosis or decreased cell adhesion to the basement membrane and detachment of viable podocytes. 52 As for mesangial cells, several studies have explored the response of podocytes in culture to mechanical stress.
It has been demonstrated that podocytes in culture respond to mechanical stress. 54 Specifically, mechanical stress reduces the size of the cell body of the podocyte and induces a reversible reorganization of the actin cytoskeleton, resulting in the disappearance of transverse stress fibers and formation of radial stress fibers connected to an actinrich center. 54 It has been hypothesized that podocytes may assume a state of intermediate adhesion as an adaptive strategy to escape mechanical damage. 55 However, intermediate adhesion may be maladaptive in the long term, as it may lead to progressive loss of podocytes because of their greater ease of detachment from the glomerular basement membrane. 55 To this end, it has recently been demonstrated that podocytes exposed to mechanical stretch or TGFb1 reduce both the expression of integrin a3b1 and podocyte adhesion to extracellular matrix substrates. 56 a3b1 integrin, which is abundantly expressed in the podocyte membrane, 57 is the principal mechanism by which podocytes adhere to the glomerular basement membrane. 58 Studies in cultured podocytes have demonstrated that these cells possess an independent renin-Ang system (RAS) that is activated by high glucose levels 59 and mechanical stretch. 60 In turn, activation of the podocyte RAS leads to an increase in podocyte apoptosis 60 and also to a reduction in the expression of nephrin. 61 Nephrin is a key component of the slit diaphragm, 52,61 a junction connecting the foot process of neighboring podocytes, which represents the major restriction site of protein filtration. 52, 61 A decrease in nephrin expression occurs in vitro in podocytes exposed to glucose-modified proteins known as advanced glycation end-products 62 and in vivo in streptozotocin-induced diabetic rats. 63, 64 
CONTRIBUTION OF INFLAMMATION AND OXIDATIVE STRESS TO DR AND NEPHROPATHY
Both oxidative stress and inflammation have been strongly implicated in the pathogenesis of diabetic complications. The mitochondrial respiratory chain, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzyme system, Nox4 (homologue of gp91phox subunit of NADPH oxidase) and advanced glycation-end productreceptor for advanced glycation end-product interaction have been found to induce oxidative stress in high-glucose conditions. [65] [66] [67] Oxidative stress is conventionally defined as an imbalance between pro-oxidant stress and antioxidant defense. However, recent evidence indicates that the disruption of redox signaling is an important aspect of oxidative stress, sometimes more important than the pro-oxidant-antioxidant imbalance or the tissue damage induced by such imbalance. 68 Therefore, a new definition of oxidative stress has been proposed as 'an imbalance between oxidants and antioxidants in favor of the oxidants, leading to a disruption of redox signaling and control and/or molecular damage' . 68 Consequences of oxidative stress can be very subtle to very serious (including oxidative damage to biomolecules, disruption of signal transduction, mutation and cell death), depending on the balance between reactive species generation and antioxidant defense. 69 Oxidative stress can be estimated by production of a pro-oxidant, such as superoxide; expression or activity of an antioxidant, like superoxide dismutase or damage induced by oxidative stress to biomolecules, such as protein (nitration of tyrosine residues-nitrotyrosine), lipids (aldehydes from lipid peroxidation) and DNA (8-hydroxy-2¢-deoxyguanosine, 8-OHdG). 69 Studies in humans have shown an association between oxidative stress markers and the presence of DR and nephropathy. It has been shown that in type 2 diabetic patients with diabetic nephropathy and/or retinopathy, levels of 8-OHdG are significantly higher than in diabetic patients without these complications. 70, 71 Furthermore, in a prospective study, it was demonstrated that in type 2 diabetic patients, higher levels of urinary 8-OHdG were associated with the progression of diabetic nephropathy. 72 A recent study demonstrated that low doses of erythropoietin inhibit oxidative stress and early vascular changes in the experimental diabetic retina. 73 The investigators of this study have concluded that erythropoietin may prevent microvascular damage in the diabetic retina.
Glomerular and tubulointerstitial macrophage infiltration has also been demonstrated in human progressive diabetic nephropathy, and the interstitial macrophage infiltration is strongly correlated with serum creatinine, proteinuria and interstitial fibrosis. 74 In addition to the association between renal inflammation and features of diabetic nephropathy, several studies have evaluated the effects of anti-inflammatory agents on the prevention of diabetic kidney disease. Diabetesinduced glomerular macrophage infiltration, ICAM-1 expression and NF-kB activation associated with albuminuria, mesangial expansion, glomerular hypertrophy and glomerular expression of collagen and TGF-b in the kidney have been partly or completely prevented by antiinflammatory agents, such as mycophenolate mofetil, erythromycin or methotrexate. [75] [76] [77] Prevention of diabetes-induced renal inflammation and associated renal damage in ICAM-1-or MCP-1-deficient animals provides further evidence of the participation of the inflammatory process in the pathogenesis of diabetic nephropathy. 78, 79 Several lines of evidence have been shown to support the concept that a local inflammatory process is involved in the pathogenesis of DR. 80 Studies in humans using material from a vitrectomy or postmortem specimens from diabetic donors have demonstrated an association between inflammatory markers and the presence of DR. An increased expression of ICAM-1, which facilitates the trafficking of leukocytes into the retina, has been demonstrated in retinal blood vessels of post-mortem specimens from diabetic donors 81 and also in vitreous tissue of diabetic patients. 82 Concordantly, elevation in the intra-vitreous levels of two pro-inflammatory cytokines Interleukin-8 and MCP-1 was observed in diabetic patients with proliferative DR compared with non-diabetic subjects. 83 Interestingly, intra-vitreous levels of cytokines were correlated with proliferative DR activity, suggesting that these cytokines may be pathogenically important in proliferative DR. 83 To this end, our group demonstrated that the presence of Ectodermal dysplasia 1 (ED-1)-positive cells in the retina, which indicate microglial activation, is increased in SHR rats, mainly in diabetic SHR rats, and this increment was accompanied by an increase in ICAM-1 and the NF-kB p65 transcription factor. 84 
INFLAMMATION AND OXIDATIVE STRESS AS THE UNDERLYING MECHANISM FOR THE INTERACTION BETWEEN HYPERTENSION AND DR AND NEPHROPATHY
Both hypertension and diabetes induce oxidative stress and inflammation, which, in turn, contribute to diabetic nephropathy and retinopathy ( Figure 1 ). Oxidative stress and inflammation are closely related events. The generation of reactive species by the inflammatory cells can induce oxidative stress. On the other hand, oxidative stress may induce inflammation through NF-kB-mediated pro-inflammatory gene expression. 85 This intricate relationship between inflammation and oxidative stress is not just a theoretical link. Rather, numerous studies have demonstrated the simultaneous presence of inflammation and oxidative stress in an inseparable manner in different organs, particularly in the kidney and retina. 80, 86 The interaction between hypertension and diabetes with inflammation and oxidative stress as a mechanism for renal and retinal disease has been assessed in SHR and WKY rats with streptozotocin-induced DM. In these models, it has been shown that the renal hypertrophy and albumin excretion rate, along with glomerular and tubulointerstitial macrophage infiltrations, was significantly increased only 10 days after the induction of STZ-induced diabetes in both normotensive WKY and hypertensive SHRs. 87 However, nitrotyrosine and 8-OHdG, which are markers of oxidative stress-induced protein and DNA modifications, respectively, were elevated only in hypertensive diabetic rats (diabetic SHRs) after 10 days of induction of diabetes. 87 This elevated renal cortical oxidative stress was associated with increased superoxide generation through NADPH oxidase and decreased antioxidant defense in hypertensive diabetic rats. In normotensive diabetic rats, although superoxide generation increased 10 days after of induction of diabetes (but not as much as in hypertensive diabetic rats), antioxidant defenses were intact, and the overall level of renal cortical oxidative stress did not increase, as evidenced by the levels of nitrotyrosine and 8-OHdG. These findings clearly demonstrate that the presence of hypertension has a profound role in the elevation of renal cortical oxidative stress in the very early stages of diabetes. 87 However, long-term diabetes alone is sufficient to increase renal oxidative stress, as shown in many different studies. 67, 88, 89 Interestingly, it has been shown that tempol, an antioxidant mimetic of superoxide dismutase, is renal protective when administered to diabetic SHRs. In STZ-induced DM SHRs, the use of tempol for 20 days normalized renal cortical extracellular superoxide dismutase expression and decreased superoxide generation and oxidative stressinduced DNA damage. Along with the reversal of the redox balance, tempol treatment improved renal functional and structural alterations, as evidenced by decreased albumin excretion rate and renal cortical expression of collagen IV. 90 In a different study, it was found that longterm green tea consumption ameliorates renal injury in hypertensive diabetic rats by inhibiting oxidative stress through downregulation of Nox4 expression. 91 The presence of hypertension exacerbates retinopathy in diabetic animals. We have demonstrated that the concomitance of both diabetes and hypertension leads to earlier and more pronounced retinal inflammatory alterations characterized by increased expression levels of ICAM-1, VEGF and NF-kB p65 in the retina when compared with those of normotensive diabetic rats. 92 Further corroborating the contribution of hypertension to retinal damage in diabetic SHR, we have demonstrated that anti-hypertensive treatment either with losartan (an AT1 receptor blocker, ARB) or with triple therapies (hydralazine, reserpine and hydrochlorothiazide) abolished these effects. 84 In the retina, a number of studies have shown that there is an increase in oxidative markers after the induction of DM, 67, [93] [94] [95] but the concomitance of diabetes and hypertension evoked earlier oxidative retinal damage characterized by an increase in nitrotyrosine and 8-OHdG in retinal tissue from short-term STZ-induced DM in SHRs. [96] [97] [98] [99] These oxidative markers were the consequence of an increase in superoxide production and depletion of the gluthationereduced antioxidant system in the retinal tissue. [96] [97] [98] Interestingly, the administration of a superoxide dismutase mimetic tempol to diabetic SHRs re-established the redox status and improved early molecular markers of DR. 97 In these models, with long-term diabetes (12 weeks of duration), we have demonstrated that hypertension could account for exacerbation of retinopathy in diabetic SHRs. It was observed that higher levels of apoptotic neural cells were found in retinas from diabetic SHR, accompanied by increased glial reaction, both of which are accepted as early markers of DR. The oxidative imbalance, evaluated through increased superoxide production and decreased gluthatione levels, was accentuated in diabetic SHR compared with normotensive diabetic controls. As a consequence, the levels of nitrotyrosine and 8-OHdG were elevated mainly in diabetic SHRs. In addition, the mitochondrial integrity was evaluated through expression of B-cell lymphoma 2 and uncoupling protein-2, which are mitochondrial proteins involved in cytochrome c release, apoptosis, mitochondrial energy metabolism and neurodegeneration. The presence of diabetes dramatically affected these mitochondrial parameters. Treatment with losartan re-established all of the above-mentioned parameters. 98 An AT1 receptor blockade with losartan also reduces retinal damage by decreasing inflammation and oxidative stress by means of a reduction in retinal inducible nitric oxide. 99 These findings indicate that the blockage of RAS exerts a variety of effects, including antioxidant, anti-apoptotic and anti-inflammatory properties. [98] [99] [100] Collectively, the above findings suggest that oxidative stress and inflammation may be common denominators of kidney and retinal damage in the concomitant presence of diabetes and hypertension (Figure 1 ).
ROLE OF RENIN-ANG ALDOSTERONE SYSTEM WITH EMPHASIS ON ALDOSTERONE, ANG-CONVERTING ENZYME 2 AND PRORENIN IN DR AND NEPHROPATHY
The link between hypertension and the pathogenesis and progression of DR and nephropathy most likely involves the renin-Ang aldosterone system (RAAS). A major role of local RAAS in the development and progression of diabetic nephropathy and retinopathy has been clearly demonstrated and reviewed elsewhere. 101, 102 In addition, several observational and clinical trials have demonstrated that interference of the RAAS with Ang-converting enzyme (ACE) inhibitors or using ARB may be effective in the treatment of diabetic nephropathy and retinopathy. It has been shown that in type 1 diabetic patients, use of an ACE inhibitor was able to prevent end-stage renal disease and decrease the incidence of overt nephropathy (defined as development of persistent macroalbuminuria) with preserved renal function. 103 However, a more recent trial has shown that use of ACE inhibitors was unable to prevent the development of microalbuminuria in normoalbuminuric type 1 diabetic patients. 104 Two large placebocontrolled studies, DR Candersartan Trial (DIRECT)-Prevent 1 and DIRECT-Protect 1, failed to detect any protective effect against the development of microalbuminuria over a median of 4.7 years of treatment with the ARB candesartan in 3326 patients with type 1 diabetes. 105 In type 2 diabetic patients, the use of an ACE inhibitor was associated with a reduction in the incidence of macroalbuminuria 106 and the development of microalbuminuria in hypertensive normoalbuminuric patients. 107 In type 2 diabetic patients, the first formal demonstration that overt diabetic nephropathy can be prevented using RAAS inhibition was provided using an AT1-R blocker, irbesartan. 108 In this study, 590 hypertensive patients with type 2 diabetes and microalbuminuria were allocated to receive irbesartan 150 mg, either 300 mg per day or placebo. After a median of 2 years of treatment with 300 mg per day of the ARB irbesartan, there was a threefold reduction in the incidence of macroalbuminuria compared with placebo. 108 In type 2 diabetic patients, use of an ARB, either losartan 109 or irbesartan, 110 versus placebo decreased the incidence of a composite end point of doubling of serum creatinine concentration, end-stage renal disease or death by 16 and 19%, respectively. The RAS study was designed to assess, over a 5-year period, the effect of a RAAS blockade with either an ACE inhibitor (enalapril) or an ARB (losartan) compared with placebo on both renal and retinal morphological features in normotensive patients with type 1 DM before the onset of albuminuria. Of 285 patients enrolled, 256 (90%) had renal percutaneous biopsies, and 223 (83%) had dilated seven standardfield Early Treatment Diabetic Retinopathy Study (ETDRS) photographs at baseline and at 5 years. No significant differences were observed in renal outcomes after 5 years. The odds of progression of DR by two or more steps was reduced by 65% with enalarpil (odds ratio 0.35, confidence interval 0.14-0.85) and 70% with losartan (odds ratio 0.30, confidence interval 0.12-0.73), independent of changes in blood pressure or glycemic control. 104 The DIRECT enrolled 1905 individuals with type 2 DM and 3326 individuals with type 1 DM and followed them over a median of approximately 5 years. 105, 111 Three outcomes were evaluated in this trial: the development of DR in type 1 DM (DIRECT-Prevent 1), the progression of DR in type 1 (DIRECTProtect 1) and the progression of DR in type 2 DM (DIRECT-Protect 2). The groups did not differ in HbA 1c levels, and treatment with candesartan resulted in a small but significant reduction in blood pressure. There was no beneficial effect of candesartan in the development of DR (two or more step progression) in patients with type 1 DM without baseline retinopathy (DIRECT-Prevent 1). However, when evaluating for a three-step or more progression of DR, a 35% relative risk reduction was observed with candesartan treatment (P¼0.0034). DIRECT-Protect 1 and DIRECT-Protect 2 failed to show any significant differences in the prevention of DR progression. However, in DIRECT-Protect 2, a greater regression of established DR was observed with candesartan treatment (19%) than without (14%; Po0.009). The RASS and DIRECT studies demonstrated that treatment with either an ACE inhibitor or an ARB may result in a beneficial effect on DR in patients with type 1 or type 2 DM and that these effects may be independent of blood pressure lowering.
Next, we would like to focus on recent findings in the RAAS, specifically those concerning aldosterone, ACE2, prorenin and its recent cloned receptor.
Recent clinical trials have suggested that adding an inhibitor of the aldosterone system to an ACE inhibitor-based regime in patients with diabetic nephropathy may further reduce proteinuria and thereby afford additional renal protection. 112 The beneficial effects of aldosterone blockade on diabetic nephropathy seem to be independent of the blood pressure reduction 112 and RAAS blockade on diabetic nephropathy. 113 The mechanism by which an aldosterone blocker improves diabetic nephropathy is not totally clear; however, antiinflammatory 114, 115 and/or anti-oxidant 116 mechanisms have been suggested as possibilities. To this end, it has been shown that the induction of diabetes in rats leads to a reduction in glucose-6-phosphate dehydrogenase (G6PD) and oxidative stress. 117 A reduction in G6PD activity leads to decreased NADPH and makes cells very sensitive to oxidant damage. 118, 119 Deficiency in G6PD activity may lead not only to oxidative stress but also to nephropathy, as it has been shown that G6PD knockout mice have increased renal oxidative stress and elevated albuminuria. 120 Finally, it has been shown that aldosterone induces a G6PD-deficient phenotype that can be improved by aldosterone antagonist or gene transfer of G6PD. 121 Of great interest, it has recently been suggested that, similar to what has been described in the heart, brain and vasculature, 122 the eye has a dynamic aldosterone-mineralocorticoid receptor system that has an important pathophysiological role in the development of retinal pathology. Wilkinson-Berka et al. 123 , using a rat model of oxygen-induced retinopathy (OIR) that has features of premature retinopathy in humans with neovascularization, have shown that mineralocorticoid receptor antagonism with spironolactone improves retinal angiogenesis by attenuating leukostasis and decreasing proinflamatory responses. These beneficial effects of spironolactone were attributed, at least in part, to a reduction in oxidative stress. Further observations in cultured retinal cells and in vivo in OIR suggested that reduction in oxidative stress may be secondary to a decrease in G6PD and retinal NADPH oxidase subunit Nox4 (Wilkinson-Berka et al. 123 ). Together, these observations suggest that mineralocorticoid receptor antagonism may improve diabetic nephropathy and retinopathy by restoring G6PD activity and consequently reducing oxidative stress and inflammation. These experimental observations, however, need to be assessed in clinical settings.
Recent observations suggest that ACE2 is important in various pathophysiological conditions, including hypertension 124 and diabetic nephropathy. 125 The presence of the enzymatic activity of ACE2 has also been described in the rodent 126 and the porcine 127 retina; however, the pathophysiological significance of ACE2 in the retina has not yet been established.
ACE2 is part of the enzymatic cascade of RAAS. Specifically, it seems to act as a negative regulator of the RAAS, counterbalancing the function of ACE. 128 The main product of ACE2 is Ang 1-7, which is now recognized as a vasodilatory peptide. 128 ACE2 converts Ang I to Ang 1-9 and subsequently forms Ang 1-7 from Ang 1-9. ACE2 is also able to convert Ang II directly to Ang 1-7 (Burrell et al. 128 ). Additionally, Ang 1-7 has its own receptor, Mas. As Ang 1-7 is a vasodilator, the overall effects that appears to be induced by ACE2 counterbalance many of the effects of ACE.
ACE2 is expressed in a variety of tissues, although its distribution is much less widespread than that of ACE. Sites of ACE2 expression, as well as that of its specific receptor Mas, include the heart and kidney. 128 In the kidney, ACE2 has a distribution similar to ACE, with major localization in renal tubules. [128] [129] [130] It has been suggested that both mRNA and protein expression of ACE2 are reduced in kidney biopsy specimens from type 2 diabetic patients with nephropathy compared with normal controls or patients with other renal disease. 131 In another study, ACE2 levels in kidney biopsy of diabetic patients were reduced only at the protein level, not at the mRNA level, and only in the tubulointerstitial region, not in the glomeruli, compared with non-diabetic controls. 132 In experimental models of diabetes-associated kidney disease, it has been shown that ACE2 may be reduced 129 or elevated. 133 Reasons for this discrepancy may be attributed to the duration of diabetes and different methodology in assessing ACE2, gene or protein expression, or their activity. Indeed, it has been suggested that the early phases are characterized by high levels of ACE2 (Wysocki et al. 133 ) whereas a longer duration of diabetes (24 weeks) is associated with a reduction in ACE2 expression. 129 A recent study using ACE2-knockout mice with streptozotocin-induced diabetes has shown that these mice displayed early and more severe features of diabetic nephropathy than wild-type diabetic mice. 134 Further evidence of the importance of ACE2 on experimental diabetic nephropathy was obtained by the observation that the administration of human recombinant ACE2 to diabetic mice attenuates diabetic kidney injury in association with a reduction in blood pressure and a decrease in NADPH oxidase activity. 125 In vitro studies suggested that the protective effect of human recombinant ACE2 is due to a reduction in Ang II and an increase in Ang 1-7 signaling. 125 Further studies are still necessary to establish whether ACE2 represents a novel target for diabetic nephropathy and perhaps also for DR.
Discovery of the (pro)renin receptor ((P)RR) in the human kidney in 2002 (Nguyen et al. 135 ) led to the concept that prorenin, previously considered an inactive precursor of renin, could be involved in different pathological conditions, including DR and nephropathy. [135] [136] [137] [138] [139] Renal juxtaglomerular cells are the only known site of renin production, whereas the kidney and a number of extrarenal tissues, including the adrenal gland, ovary, testis, placenta and retina, produce prorenin. [140] [141] [142] Plasma prorenin concentrations are 10-20-fold higher than those of rennin. 143 The (P)RR binds both renin and prorenin and is reported to increase the catalytic efficiency of renin and activate prorenin. 135 Thus, binding of renin and prorenin not only stimulates the (P)RR, but also increases Ang II formation, leading to AT1 receptor stimulation. 139 Ichihara et al. 144 have demonstrated that the administration of synthetic handle region peptides-which interfere with the binding of prorenin to its receptor-to diabetic rats completely prevented the development of nephropathy. The same group has shown that administration of handle region peptides to diabetic rats can also cause regression of established diabetic nephropathy. 145 In cultured mesangial cells, it has been suggested that high glucose-induced prorenin upregulation leads to the production of inflammatory cytokines, such as interleukin-1b and cyclooxygenase-2 (Huang and Siragy 146 ). In the retinal vasculature of diabetic mice, Satofuka et al. 147 have shown that handle region peptides, also called (P)RR blockers (PRRBs), reduced leukostasis to a greater extent than the AT1-R blocker losartan in wild-type mice and also reduced leukostasis in AT1A receptor gene knockout mice. Furthermore, PRRB reduced the diabetes-induced elevation in retinal expression of phosphorylated extracellular signal-regulated kinases 1/2 in AT1A receptor gene knockout mice. The finding that PRRB reduced phosphorylated extracellular signal-regulated kinases 1/2 expression in cultured brain capillary endothelial cells stimulated with prorenin, but not in cells stimulated with angiotenin II, was consistent with a specific effect of PRRB on the actions of prorenin. Recently, Wilkinson-Berka et al. 136 have reported that a (P)RR antagonist-RILLKKMPSV-clearly exhibited antiangiogenic and anti-inflammatory effects in a model of OIR. However, (P)RR antagonist also compromised the electroretinogram in shams and OIR and increased phosphorylated extracellular signal-regulated kinases 1/2 immunolabeling in shams but not OIR. These results hold promise for using PRRB as a new therapeutic intervention in diabetic nephropathy and retinopathy, although more research in this field is clearly required.
CONCLUDING REMARKS
Blood glucose control, normalization of arterial pressure and use of drugs that interfere in the RAAS are efficient approaches for the prevention and treatment of diabetic nephropathy and retinopathy. Experimental and clinical studies have demonstrated that these maneuvers are also able to reduce superoxide generation and/or increase anti-oxidant defenses. 98, 99, 148, 149 In this review, we have provided evidence that local generation of oxidative stress and inflammation can be a common mechanism of renal and retinal lesion in the presence of diabetes and hypertension. Although efficient, blood glucose control, normalization of arterial pressure and drugs that interfere in RAAS are currently unable to completely arrest diabetic renal and retinal diseases. [150] [151] [152] It has been suggested that a multifactorial approach, including lifestyle modification, blood glucose control, blood pressure normalization, and the use of drugs that interfere with the RAS, statin and an anti-oxidant, vitamin E (alpha tocoferol), is more efficient than standard treatment to slow the progression of diabetic nephropathy and retinopathy. 153 , 154 The effect of this multifactorial approach in oxidative stress was not investigated. In type 2 diabetic patients, a glass of red wine (118 ml, 4-oz) per day was associated with reduction of proteinura and urinary 8-OHdG, a marker of oxidative stress, which was not observed in the placebo group or in patients who received white wine. 155 Consumption of dark chocolate is associated with blood pressure reduction associated with a reduction in oxidative stress and increase in nitric oxide bioavailability, 156 both abnormalities that have been involved in the pathogenesis of diabetic nephropathy and retinopathy. 67, [85] [86] [87] [88] [93] [94] [95] [97] [98] [99] 156 Finally, in experimental diabetes, the use of green tea was associated with an improvement in diabetic nephropathy and retinopathy and associated with a reduction in oxidative stress. 91 , 157 The usefulness of these dietary approaches in diabetic patients with hypertension and nephropathy or retinopathy that are on standard treatment deserves to be tested in larger clinical trials. Finally, a better understanding and identification of the basic mechanism of action of different antioxidants in diabetes can lead to better optimization of renal and retinal protection.
